Abstract Tooth loss often results in alveolar bone resorption because of lack of mechanical stimulation. Thus, the mechanism of mechanical loading on stem cell osteogenesis is crucial for alveolar bone regeneration. We have investigated the effect of mechanical loading on osteogenesis in human dental pulp stromal cells (hDPSCs) in a novel in vitro model. Briefly, 1×10 7 hDPSCs were seeded into 1 ml 3 % agarose gel in a 48-wellplate. A loading tube was then placed in the middle of the gel to mimic tooth-chewing movement (1 Hz, 3×30 min per day, n= 3). A non-loading group was used as a control. At various time points, the distribution of live/dead cells within the gel was confirmed by fluorescence markers and confocal microscopy. The correlation and interaction between the factors (e.g. force, time, depth and distance) were statistically analysed. The samples were processed for histology and immunohistochemistry. After 1-3 weeks of culture in the in-house-designed in vitro bioreactor, fluorescence imaging confirmed that additional mechanical loading increased the viable cell numbers over time as compared with the control. Cells of various phenotypes formed different patterns away from the reaction tube. The cells in the middle part of the gel showed enhanced alkaline phosphatase staining at week 1 but reduced staining at weeks 2 and 3. Additional loading enhanced Sirius Red and type I collagen staining compared with the control. We have thus successfully developed a novel in-housedesigned in vitro bioreactor mimicking the biting force to enhance hDPSC osteogenesis in an agarose scaffold and to promote bone formation and/or prevent bone resorption.
Introduction
The chewing movement and the force created are generally accepted to be important for the maintenance of the shape and strength of the supporting alveolar bone, whereas the loss of a tooth always causes alveolar bone resorption because of the lack of proper mechanical stimulation (Barros et al. 2007; Kingsmill 1999; Mavropoulos et al. 2007 ). This atrophy leads to morphology change, function loss and dental implant failure, amongst other effects (Tolstunov 2006) . Current clinical therapies for alveolar bone loss are limited to the use of artificial bone substitutes and autogenic and allogenic bone grafts (Canter et al. 2007; Felix Lanao et al. 2012; Zietek et al. 2008 ). However, a number of limitations of the use of these conventional methods has led to the search for alternative approaches such as stem cell therapy and tissue engineering to tackle this clinical challenge (Green et al. 2004; Gu et al. 1997; Horner et al. 2010; Horner et al. 2008; Yang et al. 2003b Yang et al. , 2004 .
It has been suggested that tissue engineering requires three basic elements: stem cells (key factor), growth factors and extracellular scaffolds (Bruder and Fox 1999; Yang et al. 2003a) . However, recent progress in this field has shown that a fourth element, namely mechanical stimulation, is crucial for the quality and/or function of the regenerated tissue (Altman et al. 2002; Kimelman-Bleich et al. 2011; Terai et al. 1999; Yang et al. 2002) .
Human dental pulp stromal cells (hDPSCs) were characterized as stem cells in 2000 (Alge et al. 2010; Gronthos et al. 2000) . Thereafter, a number of studies have confirmed that these cells are multi-potential and have the capacity to differentiate into progenitors that can form bone, cartilage and adipose tissues, amongst others (Laino et al. 2005; Min et al. 2008; Nakashima et al. 2009; Zhang et al. 2008) . In recent years, mechanical loading has been reported to promote hDPSC osteogenic differentiation and to produce bone-like tissue (Kraft et al. 2010 (Kraft et al. , 2011 V. Yu et al. 2009 ). However, little consensus has been achieved with regard to the optimal mechanical parameters and the temporal sequence of applied mechanical loading (Sittichockechaiwut et al. 2009 ). Furthermore, the isolation of the effect of a specific component of the physical milieu from the mechanical environment has been difficult under all naturally observed or experimentally created conditions (Brown et al. 1990 ). Indeed, individual cells experience different combinations of substrate strain (e.g. tensile, compression and shear), strain-induced fluid flow depending on loading-related deformation of scaffold and hydrostatic compression from the environment (Burger et al. 1992; Hsieh and Turner 2001; van der Linden et al. 2001) . The aim of this study has been to mimic the chewing force and to investigate the optimal mechanical force that can accelerate hDPSC osteogenesis.
A bioreactor provides a controllable environment for creating a bio-tissue, both for systematic scientific research and for potential in the implantation and replacement of damaged tissue (Sittichockechaiwut et al. 2009 (Sittichockechaiwut et al. , 2010 . With regards to the mimicking of the dynamics of the in vivo environment, the complexity of mechanical properties in various tissues (e.g. bone, cartilage, tendon and ligament and cardiovascular tissue) should be considered and distinguished (Huselstein et al. 2008 ). In the case of bone tissue engineering, a few bioreactors exist for the examination of three-dimensional structure mechanical-loading-like mechanical strains, bending, and fluid flow (Altman et al. 2002; Bancroft et al. 2002; Mauney et al. 2004) . However, to our knowledge no previously published article has detailed a specifically designed bioreactor for alveolar bone. In an attempt to fill this gap, an inhouse mini-bioreactor has been developed so that dynamic physical stress from an artificial tooth can be delivered into an alveolar-bone-shaped scaffold. Furthermore, this novel bioreactor is small enough to be cultured in a normal incubator, thereby facilitating the study of "chewing movement" on "alveolar bone tissue".
Materials and methods

Sample size
Sample size was based on the primary objective of the study, namely to compare the differences between loading and nonloading groups at various time points, and was determined in STATA version 11. Assuming a minimum difference of 50, power of 90 %, standard deviation from previous studies of 4, significance level of 0.05 and a two-sided test, the study needed at least three samples per group.
Mechanism and design of loading device
Cyclic scaffold compression deformation at 1 Hz frequency has been generally accepted as a physiological loading simulation and the best mimic of the chewing movement (Buschang et al. 2000; Huang et al. 2005; Pelaez et al. 2009; Terraciano et al. 2007) . In this study, an external 1 Hz frequency dynamic compressive force ( Fig. 1 ) was applied to the loading groups for 30 min at each time point and at 3 times a Fig. 1 Rectangular wave form provided by external apparatus day, with non-loading groups being used as the negative control.
The apparatus was designed to model and analyse the force exerted on cells in alveolar bone, which endured strain and deformation during tooth chewing movement. It could be divided into two parts: the loading component and cell culture part.
The loading component (Fig. 2a ) was used to pass the external pressure force to the cultured cells, and was comprised of two elements: loading body and displacement control. The loading body was the trimmed top part (14 mm) of reaction tubes (0.5 ml, Greiner Bio-One) symmetrically adhered firmly under the 48-well plate lid coaxially to the four wells below, passing the movement directly to the cultured scaffold. The displacement control regulated the tube maximum to a 0.5-mm vertical movement inside the well via a fixed distance between the lid and plate, which could be adjusted by the length of four pieces of coiled spring placed in wells located at the four corners of the plate. In the springrelaxed situation, a 3-mm gap from the tube top end to the well bottom was pre-set. The parallel rims between lid and plate guided the tube to the correct "occlusion".
The cell culture region (Fig. 2b) was located between the tube and well, as elaborated below.
Cell seeding and culture Primary hDPSCs were isolated from freshly extracted teeth from Leeds School of Dentistry Tissue Bank with ethical approval (three donors: two 8-and 12-year-old females, one 12-year-old male). The cells were expanded in vitro in culture medium containing alpha-modified minimum essential medium (α-MEM) supplemented with 10 % fetal bovine serum, 100 U/ml penicillin and 100 mg/l streptomycin at 37ºC and 5 % CO 2 . Agarose gel (3 %) was seeded with 1×10 7 cells/ml hDPSCs (passage 3). Briefly, 3 g agarose (Sigma A9045 Type VII, low gelling temperature) was melted in warmed 100 ml 1×phos-phate-buffered saline (PBS) for gel formation and then cooled down to 37°C. An aliquot of 5 ml melted gel was mixed with 5× 10 7 hDPSCs to yield 1×10 7 cells/ml gel and then the gel was aliquoted into the wells in the bioreactor as described previously (1 ml per well, 4 wells per plate). Immediately before the gel solidified, the plate lid with four loading tubes was placed in position and the mixture was then cooled down to 20°C (the congealing temperature is 26-30°C), so that the cell-seeded gel encased the loading tubes. After 6 h, 200 μl culture media was added on top of the gel. These plates were cultured in a humidified incubator at 37°C and 5 % CO 2 . After 24 h, a cycling force was applied to the loading groups. Culture media was changed every other day. At various time points (e.g. week 1, 2, and 3), samples were labeled with fluorescent markers (see below) for confocal microscopic observation or were fixed in 98 % ethanol overnight and embedded in paraffin blocks, which were later processed for histology.
Live/dead cell fluorescent labeling Cell Tracker Green (5-chloromethylfluorescein diacetate: CMFDA, Molecular Probe; 50 μg) and an aliquot of ethidium h o m o d i m e r-1 ( E H -1 ) w e r e d i s s o l v e d i n 1 0 μ l dimethylsulphoxide and diluted in 5 ml serum-free α-MEM (final concentration: 20 μM CMFDA; 4 μM EH-1). After being washed in 1×PBS, the samples were placed in 1 ml of this working solution and incubated at 37°C under darkness for 45 min. The working solution was then replaced with fresh pre-warmed α-MEM. After a further 30-min incubation, the samples were washed again and assessed by confocal microscopy.
Visualization of cell morphology, viability and density by confocal microscope Cell viability within the gel was visualized by confocal laser scanning microscopy (Leica TCS SP2) with Argon 488 nm and He/Ne 543 nm laser sources; detection wavelengths were within band 506~538 nm (green) and band 590~703 nm (red).
Nine areas of 0.6× 0.6 mm 2 at various locations of the central longitudinal section of the agarose gels were identified for Representation of an individual bioreactor in which the gel had been cast and nine squares chosen (0.6×0.6 mm 2 each) for confocal observation. Factors related to space location in the factorial analysis were: depth at three levels (top, middle and bottom) and distance at three levels (inner, middle, outer). c The 0.5-mm compressive displacement of the tube resulted in matrix elastic deformation, with compression in the apex area and stretch in the top area observation (Fig. 2b) . They represented various combinations of three levels of substrate strain according to the distance to the loading tube (inner zone, 1/3 of which is close to the tube; middle zone, the mid 1/3; outer zone, 1/3 of which is close to the wall of culture plate well) and three levels of hydrostatic compression by depth (top part, the top 1/3 of the gel; middle part, the mid part of the gel; bottom part, the bottom 1/3 of the gel). A total of 110 serial sections (1.5 μm per section, total 165 μm thick) under 10× objective were collected as Z-series sections and projected onto one plane as an accumulated maximum for quantitative measurement of cell density. Live cell numbers were correlated to the green area, whereas dead cell numbers were correlated to the red area. Fluorescence intensity of the live/dead stain was quantitatively analysed with Leica Confocal Software (version 2.61), by which the area of green and red were calculated, respectively.
Alkaline phosphatase staining
The sections were incubated with Sigma-Aldrich alkaline phosphatase (ALP) kits (Fast Violet B salt, naphthol AS-MX phosphate alkaline solution) at room temperature for 30 min by using our well-developed protocol (Green et al. 2002) . A red color indicated positive staining for ALP.
Alcian blue/Sirius red staining
The sections were stained with Weigert hematoxylin solutions for 10 min (nuclear staining), which was followed by a 20-min staining in 0.5 % Alcian blue. The sections were then treated with 1 % molybdophosphoric acid for 20 min prior to being stained with 0.1 % Sirius red for 1 h (collagen matrix; Jones and Yang 2011).
Immunohistochemistry staining for type I collagen
The antigens were retrieved by using Vector solution in a pressure cooker. The sections were then blocked with normal goat serum, stained with type I collagen primary antibody (mouse monoclonal anti-collagen I from Abcam, ab6308) at a 1:100 dilution overnight. After the application of EnVision solution A, sections were developed in EnVision diaminobenzidine (DAB) for 5 min. Finally, sections were counterstained in Harris's haematoxylin (30 s). In negative controls, the primary antibody incubation step was omitted.
Statistical analysis
Cell density data were analysed by using PASW Statistics 18. Descriptive statistics such as the means and standard deviations (SD) were used to summarize quantitative data. Box plots were used to compare groups. Since the treatment structure is factorial, a factorial analysis approach was adopted with four factors, namely, force at two levels (loading and nonloading), time at three levels (1 week, 2 weeks and 3 weeks), depth at three levels (top, middle and bottom parts) and distance at three levels (inner, middle and outer zones).
A fixed-effect factorial analysis of variance was used to compare the main effects and interaction of loading, distance, time and depth. Normal probability plots were used to check whether the residuals were normally distributed. A square root transformation was conducted to normalize the residuals. The homogeneity of variance assumption was checked by using a plot of residuals against fitted values. Tukey's multiple comparison test was used to identify pairs that were significantly different, with Tukey's test adjusting for multiple comparisons. P-values of less than 0.05 were considered significant.
Results
Effect of loading on cell morphology
Various hDPSC patterns were observed in longitudinal sections, both in confocal images and in histologically stained sections (Fig. 3) .
Bright live hDPSC clusters with a size range of 20-60 μm in diameter (the average observed individual hDPSC size is 10 μm) were notable in a band near the loading tube. In comparison, they were rarely seen in the middle zone. However, in the outer zone close to the wall of the well, the cell cluster band could be seen once again. The band width per group was obtained from the average value of measurements at three locations in three samples, which varied with time, in the loading group and nonloading control, respectively. In the loading group, at week 1, the widths reached 300 μm (near the tube) and 150 μm (near the wall); at weeks 2 and 3, this type of edge effect reduced with culture time, perhaps because of the increase of cell numbers inside the gel. In contrast, in the non-loading control, at week 1, the band widths were 150 μm in the inner zone and 120 μm in the outer zone; and thinner stripes of clusters were still maintained during the following 2 weeks.
With respect to the hDPSC arrangement, the loading seemingly enhanced cell alignment complying with matrix deformation in the longitudinal section in the loading group; this differed according to the depth of the gel. In the bottom area, cells were ordered from the apex of the tube towards the surface of the well bottom. In the middle part, an outward and upward cell arrangement was observed. In the top zone, cells appeared to lie in parallel to the outside surface of the loading tube.
Effect of loading on cell proliferation
The diverse distribution of hDPSC proliferation in the longitudinal section was reflected by the CMFDA fluorescent marker in confocal images (Fig. 4) ; this was supported by the histological observations.
The density of live cells was influenced by three elements: depth, distance and interaction of force (loading and nonloading) and time.
(1) With regard to depth (Fig. 5a) , the middle part of the gel appeared to have the highest density, which was followed by the bottom part (9.8 % less than the middle part, but P>0.05). The density in the top part was the lowest, about 40 % less than that in the middle (P<0.001). (2) With respect to the distance (Fig. 5c) , the density of live cells was reduced together with the increase of distance from the loading tube. The outer zone shared the lowest live cell density, which was about 40 % less than that in the inner zone (P<0.001), whereas no significant difference was seen between the density in the middle zone and the inner zone, although the former was 10 % less than the latter. (3) In terms of force (loading and non-loading), the density was time-dependent (Fig. 5e ). In the loading group, the density of live cells was enhanced gradually. Meanwhile, the week increase of the density (approximately 30 %) in the loading group was significant (P<0.05). In contrast, in the non-loading group, the density fell steadily, but with no significant difference. When density was compared between loading and non-loading groups, no statistically significant difference was found at 1 week. However, at 2 weeks, the density in the loading group was about 60 % higher than that in the non-loading group Fig. 3 Cell viability, morphology, density, distribution and alignment in the gel. Fluorescence labeling for live (green) and dead (red) cells. Human dental pulp stromal cells (hDPSCs) observed by confocal microscopy in the mechanical loading group (a, c, e) at various depths at week 1 compared with static controls (b, d, f) . a, b Top parts of gel with the tube left. c, d
Middle parts of gel with the tube left. e, f Bottom parts of gel with the wall of the well right. Bar 300 μm (P<0.001). By 3 weeks, the cell density in the loading group was nearly 3 times that in the non-loading control (P<0.001).
Effect of loading on cell death
The distribution of dead cells in the same area as live cells was also investigated.
The density of dead cells was also related to three determinants: depth, combination of force and time, and joint force and distance. (1) With respect to the depth (Fig. 5b) , the dead cell density showed an upward trend with an increase in depth. The top part approached the minimum, which was only one third of that in the middle (P<0.001). Towards the bottom part, the dead cell density reached the peak density (11.2 % higher than that in the middle, but P>0.05). (2) With regard to the force (loading and non-loading), density was also timedependent (Fig. 5d) . Although loading could reduce the dead cell density at each time point, a significant decrease (50 %) was seen at 1 week only in the dead cell density in the loading group compared with that in the non-loading group (P<0.01). 3) With respect to the interaction of distance and force (loading and non-loading; Fig. 5f ), the dead cells in the loading group declined steadily from the inner zone (close to the loading tube) to the outer zone (close to the wall). The density in the outer zone dropped more than 50 % compared with that in the inner zone (P<0.05). Nevertheless, in the non-loading group, no statistically significant difference was seen between the three levels with distance.
Effect of loading on cell osteogenic differentiation
As one of the osteogenic early markers, ALP staining was used to detect whether hDPSCs still maintained their ability for osteogenesis. At week 1, the ALP expression of hDPSCs became most intense (Fig. 6a, b) . However, the ALP stain was slightly weaker at weeks 2 and 3. More positive ALP staining was seen in the loading group compared with the non-loading control, although this was not a quantitative assay (Fig. 6c-f) .
Alcian blue/Sirius red staining ( Fig. 7a-d) showed that some blue-stained individual cells appeared in the top area in the loading group and the numbers increased over time. In contrast, no blue staining was seen in the non-loading group. On the other hand, many Sirius-red-stained hDPSC clusters were found mainly in the middle and bottom areas at week 1 in both the loading and the non-loading groups. In the loading group, the amount of such clusters was enhanced over the time. On the contrary, the cluster numbers decreased steadily in the non-loading control.
In addition, in terms of the shape of the cluster, more clusters lined up along the matrix deformation in the loading group, as mentioned previously, compared with that in the nonloading control. The collagen patterns inside the cell cluster were different among the groups and these were also confirmed by the strong brown stain for type I collagen as shown by immunohistochemistry (Fig. 7e, f) . On the other hand, the anisotropic arrangement of collagen fibres along the ridge of cell clusters displayed a distinct birefringence when viewed by polarized light (Fig. 7g) , and this was similar to the Alcian blue/Sirius red staining in a serial session (Fig. 7h) . Fig. 4 Comparison of cell density and alignment between two groups at different time points. Live (green) and dead (red) fluorescence labeling and confocal microscopy showed enhanced cell density and alignment in the mechanical loading group at weeks 1, 2, and 3 (a, c, e) compared with static controls (b, d, f) . Bars 100 μm
Discussion
Bioreactor design and loading application Previous studies of the human chewing cycle have shown that average chewing frequency is about 1 Hz (Buschang et al. 2000) . To achieve this in our experimental set-up, a dynamic compressive force (30 min each time and 3 times a day) was applied to the loading groups; the non-loading groups were used as negative controls.
Several studies have shown that a 5-10 % tension can be used to promote the viability, proliferation and osteogenesis of hDPSCs (J. ). A 5 % global strain of compression has been applied for bone formation (Sittichockechaiwut et al. 2009 (Sittichockechaiwut et al. , 2010 . Although mechanical stimulation is known to affect cell behavior in such constructs as a whole, few researchers have looked within a scaffold to determine possible differences among areas, except for some computer models (Lacroix et al. 2006; O'Brien et al. 2007 ). In the present study, dynamic mechanical strains were applied to hDPSC-agarose gel matrices in a half-restricted space. Comparisons of cell behaviour were performed among the different areas within a longitudinal section. A 0.5-mm compressive displacement of the stimulus tube resulted in matrix elastic deformation (Fig. 2c) that was a combination of dynamic compression and stretch, and that varied with respect to the different locations in the matrix. Because of the constancy of the overall gel volume, approximately 16 % compression (maximum 0.5 mm) took place in the apex (centre bottom) area, whereas about 6 % of stretch (maximum 0.6 mm) appeared in the top region. However, most of the matrix in the middle area had a deformation within this range.
Scaffold choice
Three-dimensional agarose gel scaffolds have been used for long-term culture and to study cell phenotype expression, proliferation and differentiation for many years (Benya and Keys for statistic analysis: a~c difference from other two groups, d) difference from previous time point in loading group, e Top: loading group is different from no loading control at 1 week, Bottom: difference from no load control at same time point, f the outer zone is different from the inner zone in loading group Shaffer 1982; Kolettas et al. 1995; Kurane and Vyavahare 2009; Mouw et al. 2005) . Several recent studies have used agarose gel to investigate cell behaviour under various types of dynamic mechanical loading (Altman et al. 2002; Buschmann et al. 1995; Knight et al. 1998; Winer et al. 2009) .
In this study, agarose gel was chosen as a supportive material to investigate the mechanical loading of hDPSCs based on two aspects. For one thing, its uniformity, simplicity, reproducibility and capacity to react to the application of physiological level strains have made it a suitable environment for the investigation of mechanical loading. For another, it can be polymerized into a three-dimensional structure with adjustable strength and with an open lattice, thereby minimizing diffusion distances and fixing cells; such features might be useful for the creation of an artificial tissue for the clinical restoration of tissue. Research into the choice of agarose gel concentration revealed that the pore diameter increased when the agarose concentration declined and, vice versa, the wide pore diameter distribution narrowed as the gel concentration was enhanced (Maaloum et al. 1998 ). The hydraulic permeability of 3 % agarose gel is 36.9 ±4.6 ×10 −15 m 4 /(N.s) (Buschmann et al. 1995) , whereas it is 51.4±8.5×10
−15 m 4 / (N.s) in 2 % agarose gel (Buschmann et al. 1992) . With cells encased, the permeability is lower than the gel without cells, at the initial stage, and further decreases during culture with the deposition of cell matrix. However, with regard to the rigidity of the scaffold, stem cells become osteoblast-like when cultured on a stiff matrix (34 kPa hydrogels), whereas they become neuron-like or myocyte-like on soft matrices (Reilly and Engler 2010) . Thus, a higher concentration of agarose gel (more rigid) with reasonable hydraulic permeability (nutrition and waste exchange) might be better for creating a similar microenvironment in vitro for bone tissue regeneration. Various concentrations of agarose gel were compared in our prestudy and a 3 % concentration was selected by balancing the suitable rigidity for long-time loading and good permeability facilitating nutritional exchange.
No obvious cracks, fractures or plastic deformations were observed in the agarose gel throughout the 3 weeks of loading. However, accumulated small cracks and breaks were detected in the gel after 4 weeks, irrespective whether loading or nonloading. Reinforcement of the gel scaffold by some ingredients is planned in the expectation that its integrity will be preserved for longer in a future study.
Cell behavior varies in different matrix areas and over time HDPSC behavioral changes inside the matrix were relevant to the deformation of the surrounding gel. As a whole, in accordance with the results of previous research, mechanical stimulation could enhance hDPSC viability and proliferation over time compared with the non-loading control. Furthermore, improved cell alignment to the matrix deformation occurred in the longitudinal sections. Force was assumed to play an important role in regulating cellular polarity during mitosis. In addition, collagen matrix stained by Sirius red was concentrated in the middle and bottom areas, whereas proteoglycans dyed by Alcian blue accumulated in the top part. This change indicates that pressure contributes to cell proliferation and osteogenesis, where tensile effects probably inhibit cell proliferation and enhance chondrogenesis.
The distribution pattern of the dead cells was different from that of the live cells. The dead cell number was significantly decreased at week 1 by mechanical loading but the difference disappeared in weeks 2 and 3, implying that cell translation of mechanical signals changed when hDPSCs were in a different differentiation stage (Weyts et al. 2003) . Based on our in vitro model, the deformation of the gel matrix in the outer zone was less than that near the tube. Interestingly, loading only decreased dead cell numbers in the outer zone, whereas it enhanced live cell numbers to a greater extent in the inner zone. We suspect that cells need different kinds of mechanical environments between those just maintaining viability (low force) and those maintaining proliferation (high force). Alternatively, the reason might only be related to the numbers of live cells, which decrease with the increase in the distance from the stimulating tube.
We cannot easily explain the lower live and dead cell density in the top part of the gel matrix, because hDPSCs were evenly mixed into the agarose gel prior to casting. We do not know whether gravity plays a role in this phenomenon.
With regard to the time elapsed during cell differentiation, a comparison was performed based on histological staining. ALP activity, as an early marker of osteoblastic phenotype, peaked at week 1 and was still present at weeks 2 and 3, both in the loading and in the non-loading groups. By comparison, extracellular matrix formation and composition differed between the loading and non-loading groups with time. These data suggest that hDPSCs readily maintain the ability for osteogenesis in the present 3 % agarose gel culture system. Moreover, loading seems to promote the osteogenic potential for real bone-like matrix formation.
As far as the observed bright live hDPSC clusters in the bands near the stimulation tube and the wall of the well are concerned, we have not found any similar descriptions in the literature. On the one hand, since it is a semi-restricted system, a wedge effect occurs when the tube is pressed down into the gel and dynamic substrate shear stress is experienced in the part of the gel near the tube. Not only could the shear stress cause an augmentation of cell osteogenesis (Grellier et al. 2009; Jacobs et al. 1998; Liu et al. 2012 ), but also the induced fluid flow might enhance the streaming potential and nutrient transport to the inner zone, all of which are assumed to contribute to cell aggregation. The phenomenon of enhanced cell matrix biosynthesis being detected in the outer ring compared with the centre when dynamic mechanical compression is applied to the three-dimensional scaffold in vitro has been previously found (Buschmann et al. 1995; Kim et al. 1994; Sittichockechaiwut et al. 2009 ) and might partly explain the fluid flow effect. On the other hand, the agglomerated cell stripe near the wall of the well might arise because of the seepage downwards of media between the micro-gap between the gel and the wall of the well.
Concluding remarks
The in-house-designed in vitro bioreactor mimics the biting force exerted on food and might be useful in investigations of the effects of complex mechanical stimulation on bone formation. The enhanced hDPSC osteogenesis that we have seen might shed light on the promotion of new bone formation and the prevention of bone resorption for translational clinical therapy in both orthopaedics and dentistry.
